Article citation info: (*) Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl DZIUBAK T, SZWEDKOWICZ S. Operating properties of non-woven fabric panel filters for internal combustion engine inlet air in single and two-stage filtration systems. Eksploatacja i Niezawodnosc - Maintenance and Reliability 2015; 17 (4): 519-527 
Introduction
Modern internal combustion engines operate at higher and higher mechanical and thermal stresses and yet are required to be more reliable and durable. To meet those requirements, it is crucial to ensure high cleanliness of operating fluids, including inlet air.
High cleanliness of inlet air in the internal combustion engines of motor vehicles and machines and thus reduction of friction and improved machine life always was and still is a major operational and design issue, in particular in vehicles operating in heavy dust conditions (approx. 1 g/m 3 ). The conditions generally apply to special and military vehicles (tanks, land attack vehicles, self-propelled guns and special vehicles) with high-power diesel engines and maximum air demand Q Sil >1 kg/s. E.g. T-72 tank engine air supply system: (cylinder capacity V ss = 38.8 dm³) at v = 20 km/h on testing ground roads at air dust loading s = 1 g/m³, introduces over 170 kg of dust at the distance of 1000 km. Passenger car engines (V ss = 1.5 dm³) at 60 km/h on surfaced roads (s = 10 mg/m³) introduces over 0.6 kg of dust at the distance of 20 thousand kilometres. The data shows, that the air filters used in special and passenger vehicles must not have the same design and operate in the same way.
Thus, all trucks and special vehicles are fitted with two-stage inlet air filtration system, where the first stage is an inertial filter and the second stage is a paper filter element. Commonly used paper filter elements feature high filter separation efficiency and low dust capacity (k m = (200 ÷ 240) g/m²). If the paper filter element is subject to the dust downstream of the inertial filter, its dust capacity is reduced almost four times [10] .
Modern production technologies of non-woven fabrics allowed them to be more commonly used as inlet air filter media in motor vehicle engines. Based on the scant data that are available from non-woven fabric manufacturers, the fabrics show significantly higher dust capacity compared to filter papers k m = (450 ÷ 500) g/m² [30] . No data sciENcE aNd tEchNology are available on separation efficiency, filtration rate and durability of non-woven fabric filter elements, thus relevant tests are required.
Contaminants in air and effects on engine's service life
Free air supplied to the internal combustion engines of motor vehicles contains high quantities of the following contaminants [4, 5, 23] :
natural -over 85% of total contaminants (dust, plant spores, • bacteria, salts and gases, e.g. carbon monoxide, sulphur dioxide, sulphur trioxide), mineral dust from motor vehicle traffic • or wind -road dust, exhaust gases from motor vehicles (dust, • carbon black, lead compounds, heavy hydrocarbons, particulate matter and gases) [4, 23] , dust emission by motor vehicles due • to wear of friction lining in brakes and clutch plates, tires and pavement [5] industrial.
• Dust particles can be classified by size [4] :
total dust -mixture of small solid parti-• cles (suspended in the air) standard size <300 µm,suspended dust PM10 -standard size <10 µm, fine dust PM2.5 -standard size <2.5
Motor vehicles are subject to contaminants, which introduced with air to both piston and turbine engines will result in increased wear of engine components and thus limit their reliability and durability. The most common contaminants affecting machines is the road dust, raised by moving motor vehicles or wind, and introduced with air to engine cylinders. Most naturally occurring dusts, including road dust are polydisperse dusts with different physical and chemical properties. Free air includes contaminants with size composition from (0.001 ÷ 1000) µm. Air dust loading, defining contaminant content (in grams or milligrams) in one cubic meter of air depends on many factors: surface type, climatic conditions, drive system, height, soil type and industrial plant type. Fig. 1 shows air dust loading as a function of operating conditions [2] .
Air intakes of internal combustion engine intake systems draw in dust <d z = (80 ÷ 100) µm with air. Some contaminants that enter the engine cylinders via air supply system are combusted, some are removed with the exhaust gases, and some, mostly the mineral dust (approx. (10 ÷ 20) % settle at the cylinder sleeve walls and are mixed with oil to forms abrasive paste. The dust on the cylinder sleeves enters between the mating surfaces (piston -rings -cylinder) and results in premature wear. During piston movement into the bottom dead centre, the dust with oil is removed to the oil sump, and via the oil lines distributed to all lubricated engine components also resulting in premature wear.
Numerous studies on the effects of contamination of operating fluids on piston engine components wear show that the dust grains with the size corresponding to the minimum thickness of the oil film between mating surfaces cause the highest wear (Fig. 2) [1, 12, 13] .
Oil film thickness is not constant but varies depending on the engine operating conditions, mainly its load. Oil film thickness between piston, rings and cylinder is determined by the piston speed, oil viscosity and engine load and its maximum value between the dead centres is between (0.3 ÷ 7) µm [7, 12, 13] . At the dead centres, the piston speed is reduced to zero, which is one of the reasons the oil film thickness is reduced or even eliminated completely, thus resulting in increased wear [7, 13, 18, 19] .
The dust particle hardness, depending on its chemical composition also affects the wear rate of mating engine components. The main component of the road dust drawn in with air is silica, with total content in the dust mass of up to 90%. Silica particle hardness in Mohs' scale of hardness is 7, i.e. more than the hardness of components used in the internal combustion engine design. An example of a premature wear of engines in dump trucks used for sand transport, with mileage of approx. (30 ÷ 40) thousand kilometres, due to premature wear of piston, rings and cylinder are shown in [26] .
Air filter performance parameters
For the air filter to clean inlet air in motor vehicle engines it must feature specific properties, determined by the following parameters: separation efficiency, flow resistance and filtration rate [27] .
Filter separation efficiency ϕ determines filter capacity for qualitative and quantitative retention of particles in the air stream. It is mainly determined as a ratio of the test dust mass m PF retained by the filter to the test dust mass m PD introduced to the filter in the air stream in a unit of time:
Flow resistance ∆p f is a total pressure difference measured directly at the filter inlet p c1 and the filter outlet p c2 : [12] sciENcE aNd tEchNology
In special cases, if the inlet and outlet line are at the same level and have the same diameter D 1 = D 2 , and thus the air flow rate is identical, the flow resistance is expressed as the difference in static pressures as:
Filtration rate is a minimum dust particle size d zmin [µm] retained by the filter for a specific air volume or a maximum dust particle size d zmax downstream of the filter.
Dust capacity k m is a ratio of the total dust mass m CwF , retained by the filter element at specific ∆p fdop value to active surface area of the filter paper F w at uniform dust distribution along the entire active surface area of the filter paper F w :
Performance of the panel filters used in the inlet air systems of motor vehicle engines depends on the following parameters: air flow rate, dust and filter layer structure. In practice, the air filter performance is usually determined as a function of a single parameter in laboratory conditions, using standard test stands and standard tests with test dust.
In two-stage filters in "multi-cyclone -porous panel filter" configuration, the filter medium is subject to dust, which downstream of the inertial filter (multi-cyclone) shows different size distribution compared to the dust in the inlet air. Depending on the flow conditions of the aerosol inside the cyclone, clean air (cyclone outlet air) contains dust particles <(15÷30) µm. It is both referenced in the literature [1, 16, 17, 22] and result from the single cyclone tests carried out by the authors. The filter element in serial configuration downstream of the multi-cyclone is affected by smaller dust particles. Single-stage filter draws in significantly larger dust particles, up to 80 µm. Thus, the filtration processes in both the former and the latter case can differ. To design a two-stage filter element, the properties of a filter medium corresponding to the operating conditions of the second stage air filter must be known. The performance data can be obtained by experimental tests, although special methods are required to ensure suitable operating conditions of the second stage filtration.
Characteristics of inlet air filter media
The most common air filters used in motor vehicles and machines are panel filters, classified by filter medium as surface filters, depth filters and surface-depth filters.
Filter papers (surface-depth medium) are the most commonly used filter media for filtration of operating fluids in motor vehicles. Filter medium manufacturers provide data on some parameters only. Since the filter paper manufacturing companies use different methods to determined those parameters, it is sometimes difficult to compare available data. In general, the filter papers are characterized by the following parameters [8, 11, 14] :
filter separation efficiency up to • ϕ = 99.99%, basis weight -(115
In the available national and foreign literature, more and more information are available on basic properties of filter papers with added nano-fibres used as inlet air filters in internal combustion engines of heavy-duty vehicles [11, 14, 15] . The data on filter separation efficiency, filtration rate and dust capacity are available in the literature, but not always include the conditions used to determine these properties. In study [11] , mass of dust retained by the filter paper and filter paper with nano-fibres is specified at the point the flow resistance of ∆p w = 7.5 kPa and air flow rate of 1360 m³/h are reached. The element made of PA1885 filter paper, at the point of reaching flow resistance of ∆p w = 7.5 kPa have retained 2415 g of dust, whereas the same paper filter with a layer of nano-fibres have retained over 50% more dust, i.e. 3770 g in the same time period. No surface area of filter medium is specified, and thus no filtration speed and dust capacity can be determined. In study [14] , dust capacity of filter paper (k m = 28 g/m²) and paper with nano-fibre layer (k m = 78 g/m²) is determined using AC Fine test dust (d zmax = 80 µm). Dust capacity of the same filter media but using sodium chloride particles (dimensions up to d z = 0,4 µm) is k m = 4 g/m² and k m = 21 g/m², respectively. No conditions (flow resistance) at which the dust capacity was determined were specified. The results for filter paper with nano-fibre layer and AC Fine test dust showed almost twofold increase in dust capacity, and in case of sodium chlorine, the dust capacity increased almost four times. Dust capacity of filter paper determined using very fine dust (d zmax = 0.4 µm) was seven times lower compared to large diameter dust (d zmax = 80 µm).
The basic filter medium (depth filter) used in air filters for motor vehicles is a synthetic non-woven fibre. Fibrous woven fabrics feature pore size distribution which is easy to determine and filter separation efficiency, which is easy to adjust by simply changing the spinning parameters. The media allow easy cleaning due to the surface nature of filtration. Woven fabric filters are made of a single type of fibres, different types of fibres or multiple layers of fibres.
Non-woven fabric filters feature higher porosity and thus higher air permeability (lower flow resistance). They also achieve higher filter separation efficiencies, and due to even mass distribution of retained dust at the entire material depth may also achieve higher dust capacities. Random fibre layers are formed by bonding or stitching (mechanical) [6] .
The development of fibre forming methods (melt-blown, electrospinning) and low production costs have contributed to more common use of non-woven fabrics as filter medium of panel filter elements in motor vehicles, industrial plants and sanitary plants [6] .
Limited publications are available including the test results for nonwoven fabrics and dust particle size corresponding to the size of dust particles drawn in by the air filters of motor vehicles (d zmax = 80 µm).
Non-woven fabric tests are carried out on standard test stands, where the tested non-woven fabric forms a flat section enclosed in a tight container. Air filter elements are made of pleated filter medium sheets, both in case of paper filters and non-woven fabric filters. Commonly used test methods does not allow for the effects of filter medium shape on achieved filter separation efficiency and the dust capacity values. Due to air flow, pleated non-woven fabric filters can undergo deformation and deflection, which affect the conditions in which the filter cake is formed and thus affect filter separation efficiency and flow resistance [20] .
Filter separation efficiency data available in the literature for fibrous filter media mainly apply to initial separation efficiency. There are limited data available on the characteristics of filter separation efficiency and flow resistance of non-woven fabric filters as a function of retained dust mass. Filter separation efficiency data are sometimes presented as a function of time, without specifying the test conditions (dust loading, flow rate, surface area or filtration velocity). The tests allow to compare different types of non-woven fabrics, although do not give any information on dust capacity, required to determine the service life of a material in specific conditions [21] .
In the available studies on non-woven fabric filters, the most common characteristics involve the effects of selected non-woven fabric sciENcE aNd tEchNology parameter (density, fibre packing density) or aerosol (grain size, filtration velocity) on filter separation efficiency [6, 21] . Some sources give the dust capacity of non-woven fabrics, but the values are discrepant. In study [28] , the dust capacity of non-calendered non-woven fabric with a thickness of 3.2 mm, determined at a flow rate of 0.3 kPa is k m = (54.5 ÷ 89.3) g/m², whereas the dust capacity for identical calendered fabric is k m = (85.5 ÷ 112.3) g/m². In study [8] , the dust capacity of a multi-layer non-woven fabric filter is k m = (900 ÷ 1100) g/ m², without specifying the flow resistance used to determine the dust capacity. As per study [30] , the dust capacities of non-woven fabric filters exceed (400 ÷ 480) g/m², although no information on test conditions and test dust used are given.
Filter separation efficiency of non-woven fabric filters can be improved by wetting the fibres with oil to ensure more durable bond between the particles and the fibres to limit re-emission and reduction of filter separation efficiency. Wetting the fibres with oil also reduces the intensity of flow resistance increase as a function of dust mass retained by the filter. As per study [24, 25] wetting the fibres with oil have reduced the intensity of flow resistance increase by half at aerosol flow rate of 0.11 m/s.
The parameters of selected types of non-woven fabric filters manufactured by Korea Filtration Technologies Co. [29] are shown in Table 1 , whereas parameters of non-woven fabric filters manufactured by Retop Fibre [30] are shown in Table 2 .
Despite high filter separation efficiency (over 99%) and high dust capacity, the non-woven fabric filters are rarely used in inlet air filtration systems in passenger motor vehicles.
Trucks and special vehicles usually operating in high dust loading conditions, are usually fitted with two-stage filtration systems that guarantee long periods between maintenance.The reasoning behind using two-stage filters consists in preliminary separation of large dust particles in the inertia filter and leaving small dust particles in the air d z < (20 ÷ 35) µm and separation of smaller particles d z = (2 ÷ 5) µm in the panel filter (usually paper filter element with suitable surface area).
The service life of the air filtration systems in engines until the permissible flow resistance value (maximum air flow resistance for specific engine type is determined by the manufacturer and corresponds to 3% decrease in motor power) is reached is much longer than for the panel filter itself in the same dust loading conditions. (Fig. 3) . Permissible flow resistance for diesel engines used in trucks and special vehicles is (5 ÷ 7) kPa.
No structural solutions for multi-stage air filters using non-woven fabric filters are available for trucks and special vehicles. It is due to lack of sufficient knowledge on non-woven fabric filter parameters, in particular dust capacity determined in two-stage filtration conditions. Use of nonwoven fabrics in inlet air filters in truck engines may significantly reduce the maintenance frequency. The dust capacity of the filter medium in two-stage filtration conditions must be known to design a two-stage air filter. The values in the available literature are given for the paper filters only.
The study shows empirical assessment of filter separation efficiency, dust capacity and flow resistance of selected non-woven fabrics for operating conditions specific to off-road vehicles.
Purpose, test methods and conditions
The purpose of the study was to determine the operating properties of two types of non-woven fabric filters in a single and two-stage filtration system at specific filtration velocity and dust removal rate by ejection from the multi-cyclone's settling tank.
The first stage involved determining the following characteristics: filter separation efficiency and flow resistance of two types of non-woven fabric filters operating in conditions corresponding to the second filtration stage, depending on the dust capacity as:
filter separation efficiency
The scope of tests for the second stage involved determination of the following characteristics: filter separation efficiency and flow resist- ance of a non-woven fabric in single-stage filtration system for the fabric that showed better performance in the first stage.
The tests covered two filter elements made of non-woven fabrics available in Poland (Table 3) . Non-woven fabric names are given in brackets.
two-layer AC-301 (AC) non-woven fabric by Korea Filtration • Technologies Co., one-layer BWF-02 E200B (B2) non-woven fabric by EkoKar-• paty. Filter elements with tested non-woven fabrics were made based on paper air filter elements for trucks available in serial production. Surface area of non-woven fabric was determined at permissible filtration velocity [1, 8] :
where: Q G -volume flow ratio for air downstream of the filter element [m 3 /h], see [3] , F w -active surface area of filter medium [m²] . Main stream value is Q G = 600 m³/h. Ejection dust removal system with an air stream Q S (value determined based on the following equation for the specific suction rate m 0 = 10%) was used to remove dust from the multi-cyclone's settling tank:
Assuming the permissible filtration velocity as for the filter papers υ Fdop = 0.08 m/s, surface area of the non-woven fabric filter is F w = 2.0 m².
The tests were carried out at constant air stream flow through the filter Q G = 600 m³/h and suction stream Q s = 60 m³/h, at assumed dust loading at the multi-cyclone inlet s = 1 g/m³, and in a single-stage filtration system at dust loading s = 0.5 g/m³, using PTC-D test dust corresponding to AC-Fine test dust, with size distribution and chemical composition detailed in Fig. 4 .
Filter separation efficiency φ w in tested non-woven fabric filters was determined using mass method at subsequent j cycles, with duration (uniform batching and distribution of test dust) at: t 1pom = 3 min -in the initial period i t 2pom = 15 min -in further testing period. Filter separation efficiency φ w of the tested filter element was determined after each j cycle: separation efficiency • φ w :
where: m wj -mass of dust retained by filter element, m Dj -mass of dust introduced to the filter element (mass of dust at the multi-cyclone outlet) during the cycle:
where: m AG -mass of dust retained by absolute filter, flow resistance:
where: Δh w -static pressure drop (in mm H 2 O) at U-tube water manometer, ρ m -manometer liquid density (H 2 O) at measurement temperature t H , ρ H -free air density in kg/m³, g -local acceleration of gravity. dust capacity
where: m w(1-j) -total mass of dust retained by filter element, The tests were completed after the tested filter element reached the flow resistance of 5 kPa, which is the commonly used permissible flow resistance for air filters used in motor vehicles.
Filter element tests were carried out on a test stand (Fig. 5 ) for testing basic characteristics of separation efficiency and flow resistance for air flow rate up to 1500 m 3 /h at ejector suction rate up to 20% and dust loading up to 3 g/m 3 . A measuring line was installed directly downstream of the filter element, from which the end of the U-tube water manometer was connected in the distance of 6D w from the face of a filter element enclosure (where D w -inner diameter of the outlet line from the tested paper filter element) to measure flow resistance ∆p w (static pressure drop) at the filter element. The measuring line ends with a filter protecting the measuring orifice plate against dust ingress, which is also a measuring filter to determine the mass of dust flowing through the tested filter element and as a consequence to determine the filter separation efficiency. [27] sciENcE aNd tEchNology
Fig. 4. PTC-D test dust used for testing: a) size distribution, b) chemical composition

Test result analysis
Fig . 6 shows filter separation efficiency and flow resistance of filter elements made of AC and B2 non-woven fabrics in two-stage filtration system downstream of the multi-cyclone as a function of dust capacity. Due to the achieved filter separation efficiency, operation time of tested non-woven fabrics can be divided into two periods. The first (initial) period characterized by low filter separation efficiency, which systematically and rapidly increases with the quantity of dust mass retained by the filter paper. The period lasts from the moment the filtration process commences until the specific filter separation efficiency is reached by the non-woven fabric. The following main filtration period is characterized by high (over 99%), continuously and slowly increasing filter separation efficiency. In case of tested non-woven fabrics, the interface of both periods was defined as the moment the filter separation efficiency reached 99.5% [8] . After the first measuring cycle, the filter separation efficiency of AC non-woven fabric reached ϕ w2 = 84.8%, and B2 non-woven fabric reached ϕ w2 = 80.2% (Fig. 4) . The first filtration period (anticipated filter separation efficiency ϕ w = 99.5%) for non-woven fabric AC lasted until the dust capacity k m2 = 17,3 g/m² was reached For B2 non-woven fabric, the duration of the period was almost twice longer and lasted until the dust capacity of k m2 = 35.4 g/m² was reached.
The initial operation period of the non-woven fabric filter is very adverse for two mating parts, since at the same time, a significant quantity of dust with particle size d z = (2 ÷ 5) µm is introduced to the engine cylinders with air [10] . It may result in premature wear of mating engine parts. New installed non-woven fabric filter element (paper) will not provide the required separation efficiency and filtration rate until a specific mileage. Frequent and unnecessary replacement of the filter element should be avoided.
In the main filtration period, the filter separation efficiency of tested non-woven fabrics is ϕ w2 = (99.5 ÷ 99.97)%. High AC nonwoven fabric filter separation efficiency is maintained until the dust capacity of k m2 = 364 g/m² is reached. A decrease in filter separation efficiency to the value of (97 ÷ 98)% can be observed in a single measuring point beyond this value, which may indicate depletion of filter medium capacity and / or puncture. Large dust particles and clusters are captured as a result of high flow rate and high pressure difference upstream and downstream of the filter element and forced inside the medium to the outlet side of the filter medium. Fig. 7 shows example points, where the dust was forced through the filter medium. In case of B2 non-woven fabric, the decrease in filter separation efficiency occurred slightly earlier at the dust capacity of k m2 = 343 g/m².
With the increase in mass of dust retained by the non-woven fabric filter, the flow resistance of the filter element systematically increases, although the intensity of the increase is higher for the element made of B2 non-woven fabric. After reaching the permissible flow resistance ∆p w = 5 kPa, the dust capacity of AC non-woven fabric is k m2 = 325 g/m², and significantly lower in case of B2 non-woven fabric at k m2 = 227 g/m² due to lower mass of dust retained by the fabric. It can be explained by lower thickness of B2 non-woven fabric, and thus lower dust capacity. The dust capacity of paper filters in two-stage filtration systems is significantly lower (k m = 50÷80 g/m²) compared to tested non-woven fabrics. Fig. 8 shows comparative analysis of AC non-woven fabric filter performance in the single and two-stage system in "multi-cyclonenon-woven fabric panel filter" configuration. Filter separation efficiency and flow resistance of the non-woven fabric filter element in the single-stage filtration system (standard particle size distribution) increases with lower intensity compared to the filter element made of the same AC non-woven fabric in the "multi-cyclone -non-woven fabric panel filter" configuration. It is due to the fact, that the dust downstream of the cyclone does not contain particles >(20 ÷ 35) µm, due to the filtration rate of the mini-cyclones [1, 10, 17, 22] . The filter element is affected by smaller dust particles, which fill all the areas between the fibres, increasing the flow rate and thus intensifying the flow resistance.
Permissible flow resistance ∆p w = 5 kPa was reached by the nonwoven fabric filter in the single-stage filtration system at the dust capacity of k m1 = 700 g/m², and thus at twice the value compared to 
where: F c -total surface area, second stage filtration, k m2 -dust capacity of non-woven fabric, k c -coefficient allowing for the difference between test and actual dust parameters, Q max -volume flow rate via engine, s -average dust loading in drawn in air, φ M -first stage filter separation efficiency (multi-cyclone), φ w -filter separation efficiency of non-woven fabric filter. For the following data: F c -2 m², k m2 -325 g/m²; k c -1; Q max -600 m³/h;s -1 g/m³; φ M = 0.8; φ w = 0.99; service time of twostage filtration system is τ p2 = 5.47 h. For the same non-woven fabric in single-stage filtration system, the filter achieves τ p2 = 2.37 h, which is half the value compared to the data in Fig. 3. 
Summary
Non-woven fabrics are more and more commonly used in the inlet air filter systems of modern passenger vehicles. However, no data are available on use of non-woven fabrics as a second filtration stage in multi-stage filters used in trucks and special vehicles, mostly due to the unknown operational properties of non-woven fabric filters, in particular dust capacity. Dust capacity values for non-woven fabrics used as the second filtration stage (downstream of the inertia filter) are lower compared to non-woven fabrics used in single-stage filtration systems. It directly affects the filter service life (time until it reaches permissible flow resistance) and thus vehicle mileage.
The tests of two non-woven fabric filters: AC-301 and BWF -02 E200B in two-stage filtration system downstream of the multicyclone have shown that the dust capacity at determined flow resistance ∆p fdop = 5 kPa varies, depending on the parameters of non-woven fabric structure and is k m2 = 325 g/m² and k m2 = 227 g/ m², respectively. At identical permissible flow resistance, filter papers used as the second filtration stage downstream of the cyclone, achieve the dust capacity of k m2 = (50 ÷ 80) g/m² [9] which is several times lower due to the lower thickness of the filter paper.
The tests of AC-301 non-woven fabric filter in single-stage filtration system (PTC-D test dust, standard size distribution up to d z < 80 µm) have shown that the characteristics of the flow resistance ∆p w = f(k m ) vary. Significantly lower intensities of the increase in flow resistance of the non-woven fabric subject to test dust with standard size distribution compared to the non-woven fabric subject to dust from the multi-cyclone (significantly smaller particle size) have been observed. (Fig. 9) . The dust capacity determined for AC-301 non-woven fabric at specific conditions and flow resistance ∆p fdop = 5 kPa was k m1 = 700 g/m², almost twice as high as achieved in the two-stage filtration system. Actual service life of the two-stage filter, with a filter medium designed using dust capacity k m1 resulting from the non-woven fabric operation in the single-stage filtration system, which is often used when designing filter paper elements, will be halved.
Low (φ w2 = (80 ÷ 84)%) filter separation efficiency and presence of large dust particles in the air in the initial, however short operation period may result in a premature wear of mating parts, in particular piston, rings and cylinder. In actual operating conditions, the initial operation period occurs after replacement of the old filter element with a new one.
The filter reaches its highest filter separation efficiency (99.9%) in the end period, when the flow resistance is close to the permis- sible flow resistance, which is also a criterion for the filter element change. Since high filter separation efficiency is a much-desired property, filter elements should be used as long as possible. An increase in the mass of dust retained at the filter element, not only increases its separation efficiency but also its flow resistance, which in turn may affect motor power and fuel consumption. The manufacturers of modern passenger vehicles recommend filter element change after a specific mileage ((30 ÷ 60) thousand kilometres) and/or based on the flow resistance indication.
